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* Interior structures: principle

Enrichments of the atmospheres: possible scenarios

The role of probes



Jupiter as a benchmark




Interior models: principles

Equations of state Opacities Mass,

surface temperature. . .etc.

» Hydrostatic equations <4

(rotation to 4th order) Measured gravitational
l moments: J2, J4, J6

Theoretical gravitational
moments: J2, J4, J6,J8

Mass of the rock/ice core

Y+Z 1n the metallic region
Y+Z 1n the molecular region




Constraints from gravity
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molecular hydrogen
(helium poor)

metallic hydrogen
(helium rich)

Outstanding questions

stable regions?

"y Ly bulk abundance of water?

deep zonal winds?

magnetic dynameo?

plasma phase transition?

location & extent of
inhomogeneous region?

core: well—defined
or diluted?




The importance of water
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Constraints on Jupiter ‘s interior

E LM(A.). E

- SovH()

B SESAME |

LM-S0CP =

Constraint on water <

abundance ]
0 10 20 30 40

ZICGS (%)
o
|III|III|III|III|III|III|
ga
A
L
\
A
b
4
L
L
\
i
4
Y
OB
\
5
|III|III|III|III|I'II|III|

Zrocks (%)



M core/ M &

Zices (%)

20F

13

10

1.2
10

Constraints on Jupiter ‘s interior
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Constraints on Jupiter ‘s interior
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Constraints on Jupiter ‘s interior
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Saturn
Uranus
& Neptune




165-170 K g777%
100 kPa \

Inhomgg_u_ng_m? Y
P "'"-...h.'

“veney o 185—148 K

83008800 K X ~7 100 iPa

200 GPa

kolecular H,
{(Y~0.147)

5 g T omm

./ 5850-6100 K
eSS 200 GPa

15000-21000 K 1000 GPa
4000 GPa Ices + Rocks
core 7
Jupiter Salturn
—— 100 kp
kolecular g \ B
Helium: + Ices ="Fie=/.2n0p x
loes 10 6Pa
Mixed with hydrogen? V=
Mixed with rocka? :
= 7~8000 K
800 GPa Rocks? \/ 800 GPa

Uranus Neptune




Link atmosphere-interior-core mass

Less clear for Saturn than Jupiter due to a relatively

smaller envelope

Absent for Uranus and Neptune:

- no direct link between the composition of the atmosphere and
that of the rock/ice core.

- Mass of H-He atmosphere is only 1-4 M



Atmospheric abundances:
what do they tell us?




Ratio to Solar

Tropospheric compositions
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The enrichment of the atmospheres

+ 3 possible causes:

- Efficient delivery of solid planetesimals

» This most certainly has to occur early during the formation
process

- Core erosion

* Would explain why Jupiter appears to have a smaller core than
Saturn

- Formation of giant planets in an enriched protosolar disk

* The noble gases are keys to distinguish between the
different scenarios

- But we need their abundances in at least 2 planets...



The "Nice” model of giant planet formation

gas (mostly H+He) evaporates

from the disk atmosphere 4
A 4 /
Continving accretion / / J
onto the Sun
——Tioble gades evaporate . b
< ® ¢ €¢— from the grains bvt€—— U L
o A A gases to the midplane

progressive

growing giant enrichwment of the disk
planets



The "Nice” model of giant planet formation
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Perspectives...



Probe measurements and scientific rationale

Jupiter Saturn Uranus Neptune
He v H-He phase diagram; He fractionation in the protosolar disk
J/S evolution (thermal evaporation)?
Major species except H,O v 4 Atmospheric enrichment; Meteorology:
Planetesimal delivery

H,O Solar system water inventory:; Dynamics of the deep atmosphere
Planet formation; Meteorology

Noble gases 4 Test formation scenarios; Envelope enrichment by planetesimal
delivery or gas accretion of a chemically evolved protosolar disk
Disequilibrium species ) ) Constraints on mixing in the deep
(eg CO, PH;, GeH,...) atmosphere and compositions
Isotopic ratios: Timing of planet formation;
160/?7/5'/180 Location of planet material in the protosolar disk

SIN/ESNSIEC/A e

Extinct radionuclides with Ice/Rock ratio; Timing of planet formation
gas-loving daughter species:

eg. 41Ca—>41|(; 1291‘ _,129)(e




Probe measurements and scientific rationale

Jupiter Saturn Uranus Neptune
He v
Major species except H,O v v Atmospheric enrichment;
H,0 Solar system water i
Pla
Noble gases v
Disequilibrium species ) )
(eg CO, PH;, GeH,...)

Isotopic ratios:
D/H
160/170/180
UN/BN, 12¢/13¢C...

Extinct radionuclides with
gas-loving daughter species:

eg. 41Ca—>41|(; 1291' —>129X€

. Shallow probe Multiple probes . Deep probe - Extremely deep probe



All giant planets should eventually be probed!

Our four giant planets
each have unique

features

Planet formation was a

0.4

very stochastic process
(e.g. work from
Morbidelli et al. 2005)
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